The ingestion of alcohol during pregnancy can result in a group of neurobehavioral abnormalities collectively known as fetal alcohol spectrum disorders (FASD). During the past decade, studies using animal models indicated that early alcohol exposure can dramatically affect neuronal plasticity, an essential property of the central nervous system responsible for the normal wiring of the brain and involved in processes such as learning and memory. The abnormalities in neuronal plasticity caused by alcohol can explain many of the neurobehavioral deficits observed in FASD. Conversely, improving neuronal plasticity may have important therapeutic benefits. In this review, the author discuss the mechanisms that lead to these abnormalities and comment on recent pharmacological approaches that have been showing promising results in improving neuronal plasticity in FASD.
Fetal alcohol spectrum disorders (FASD) is an umbrella term describing a spectrum of effects that can occur in an individual whose mother abused alcohol during pregnancy. It is the leading known cause of mental retardation in the Western world, with approximately 40,000 cases of FASD reported each year just in the United States-far higher than the combined figures of Down syndrome, spina bifida, and muscular dystrophy (Abel 1995; Klug and Burde 2003; May and Gossage 2001) . Along with deficits in higher order functions such as learning, memory, attention, and problem solving, children with FASD show altered somatosensory, auditory, and visual processing and often autistic behavior (Guerri 1998; Mattson and others 1996; Mattson and Riley 1998; O'Connor and Paley 2009 ) (see Box 1).
The effects of alcohol exposure can be different throughout the gestation. During the first-trimester equivalent of human gestation, alcohol exposure can alter normal development of the neural tube and crest, leading to microcephaly (Miller 1996) , hydrocephaly (Webster and others 1980) , ocular malformations (Cook and others 1987; Sulik and Johnston 1983) , and the facial dysmorphology that characterizes fetal alcohol syndrome (Sulik and others 1981) , a particular type of FASD. During the second trimester, alcohol exposure strongly affects the proliferation of glia and neuronal precursors probably by altering expression of neurotrophic factors such as transforming growth factor (TGF)-b (Luo and Miller 1998; Miller and Luo 2002; Siegenthaler and Miller 2005) , leading to abnormal migration of cortical neurons (Miller and Robertson 1993; Siegenthaler and Miller 2004) .
During the third-trimester equivalent of human gestation, the brain goes through a period of fast growth often called "brain growth spurt," and neurons are more susceptible to the apoptotic effects of alcohol exposure (Ikonomidou and others 2000) (see Box 2). Alcohol exposure during the brain growth spurt affects synaptogenesis and may lead to persistent deficits on neuronal plasticity.
Neuronal plasticity is the brain's capacity to be shaped by experience by making and breaking connections. This ability is essential during development, when circuits are refined by selective pruning, as well as throughout our lives, in common processes such as learning and memory (Katz and Shatz 1996; White and Fitzpatrick 2007) . There is growing evidence that neuronal plasticity is persistently impaired in animal models of FASD (see Table 1 ). These impairments have been demonstrated by several labs and in different plasticity paradigms such as long-term potentiation and depression (Izumi and others 2005; Richardson and others 2002; Servais and others 2007; Sutherland and others 1997) , learning and memory tests (Clements and others 2005; Girard and others 2000; Hamilton and others 2003; Marino and others 2004) , barrel cortex plasticity (Rema and Ebner 1999) , ocular dominance plasticity (Medina and others 2003; , and
Box 1
The harmful effects of alcohol ingestion during gestation have been noted since ancient times. There are citations in the Bible ("Behold, thou shalt conceive and bear a son: And now, drink no wine or strong drink") and in Aristotle's work Problematta ("Foolish, drunken, or harebrain women most often bring forth children like unto themselves"), suggesting that alcohol can be a teratogen. However, it was only in the 20th century that the detrimental effects of alcohol during pregnancy were recognized in clinical practice and by the scientific community. Recognition of fetal alcohol syndrome happened with the studies done by Philip Lemoine in France (Lemoine and others 1968) and Kenneth Jones and David Smith (1973) in the United States, who described a series of abnormalities in the offspring of alcoholic mothers. These abnormalities include growth deficiency, CNS-related abnormalities, and a specific pattern of facial features (Fig. 1) . The neurological problems observed in FAS can be variable, ranging from severe mental retardation to subtle attention deficits. The reason for this variability is probably related to multiple factors such as differences in timing of the alcohol exposure, amount of alcohol ingested, and genetic factors. For instance, the facial features ( Fig. 1) , one of the most important elements for FAS diagnosis, are due to alcohol ingestion during the first trimester of development (Sulik and others 1981) . Although the prevalence of FAS in the United States (0.1-0.7 per 1000 births; Abel 1995; May and others 2009) is high compared to many other conditions, it is estimated that the number of children who are not diagnosed as having FAS (i.e., because of a lack of facial features) but may still exhibit neurobehavioral problems caused by prenatal exposure to alcohol is 10 to 20 times higher (Centers for Disease Control and Prevention 1994). Because of the diversity of outcomes caused by prenatal alcohol exposure, the National Task Force on FAS/FAE adopted the umbrella term fetal alcohol spectrum disorders (FASD; Floyd and others 2005) .
The behavioral abnormalities observed due to prenatal alcohol exposure can be seen as early as the toddler years and can be displayed as jitteriness, irritability, and disruptions of sleep patterns (Mattson and Riley 1998; O'Connor and Paley 2009) . During the school years, children with FASD frequently present with symptoms of attention deficit hyperactivity disorder, depression, learning problems, visuospatial deficits, and impairments in fine and gross motor skills (Mattson and Riley 1998; O'Connor and Paley 2009) . During adolescence, aggressive behavior and addiction may be also be added to the group of behavioral problems (Mattson and Riley 1998; O'Connor and Paley 2009) . eye-blink conditioning (Johnson and others 2008; Stanton and Goodlett 1998) . The fact that plasticity is impaired in these models suggests that other types of plasticity such as the refinement of neuronal circuits during development could be disrupted as well. This could explain why some cortical maps are altered in FASD models (Chappell and others 2007; Margret and others 2006; Medina and others 2005; Powrozec and Zhou 2005) .
During the past decade, several groups have been developing pharmacological approaches to improve neuronal plasticity (Ghavami and others 2006; Lynch 2002; Nicholson 1990; Rose and others 2005; Staubli and others 1994; Tully and others 2003) . Although the ultimate goal of these studies is to develop drugs that can improve cognition in normal subjects, these nootropics (aka smart drugs) have been considered good candidates for treating several conditions that are related to poor neuronal plasticity (Alt and others 2006; Asanuma and others 1996; Black 2005; Blokland and others 2006; Ghavami and others 2006; Johnston 2003 Johnston , 2004 Kelley and others 2007; Lynch 2002; Nicholson 1990; Rose and others 2005; Staubli and others 1994) . Here we discuss the mechanisms that
Box 2
Alcohol-triggered apoptosis is one of the most studied consequences of ethanol exposure (Fig. 2) . In particular, ethanol exposure during the third-trimester equivalent of development has been shown to result in a dramatic reduction in total cell number (Ikonomidou and others 2000) . Because of this remarkable effect, it was quickly assumed that cell death was the main cause of most neuronal abnormalities observed in models of FASD, and many methods to prevent alcohol-induced neuroapoptosis have been proposed (Marino and others 2004; Ieraci and Herrera 2006; Saito and others 2007; Dong and others 2008) .
How does alcohol cause neuroapoptosis? There are two major cascades related to programmed cell death: the extrinsic and the intrinsic pathways. The extrinsic pathway is related to binding of cytokines to death receptors, activation of caspase-8, and cleavage and activation of effector caspase-3, -6, or -7. In the intrinsic pathway, the translocation of the Bax protein from the cytosol to the outer mitochondrial membrane results in an increase of membrane permeability and release of cytochrome C. The involvement of each of the pathways on alcohol-triggered apoptosis has been recently studied. Ethanol exposure in neonates causes widespread apoptosis and reduction in brain mass with blood alcohol levels ranging from 50 to 500 mg/dL (Ikonomidou and others 2000; Young and others 2003) . In P7 mice treated with ethanol, no activated caspase-8 is detected, although cleaved caspase-3 is seen (Young and others 2003) . However, when caspase-3 knockout mouse pups are treated with ethanol during development, there is still widespread apoptosis, although it occurs much later than in wild-type mice and without characteristic DNA fragmentation (Young and others 2005) . These results suggest that ethanol must be acting through the intrinsic (mitochondrial) pathway via a Bax-mediated mechanism. In fact, the Bax null mouse does not show signs of apoptosis, including lack of cytochrome C release, even when treated with robust amounts of ethanol during the neonatal period (Young and others 2003) . Furthermore, alcohol exposure does not lead to changes in cell number/ density in this mutant. Surprisingly, although an increase in neuroapoptosis is one of the most evident teratogenic effects of early alcohol exposure, the empirical demonstration of a causal link between alcohol-triggered apoptosis and the neurobehavioral pathology associated with FASD remains largely unexplored. underlie impaired plasticity in FASD and suggest pharmacological approaches that could help in ameliorating these deficits.
Molecular Mechanisms of Neuronal Plasticity
Over the years, it has been demonstrated that neuronal plasticity requires NMDAr and AMPAr function (Berardi and others 2003; Malenka and Bear 2004; Malinow and Malenka 2002; Platenik and others 2000) , an appropriate level of GABAergic inhibition (Fagiolini and others 2004; Mohler 2007) , and the activation of transcription factors (Atkins and others 1998; Etkin and others 2006; Frank and Greenberg 1994; Josselyn and Nguyen 2005; Lamprecht 2005 ; Silva and others 1998). Binding of transcription factors on the cAMP-responsive element (CRE) and serum response element (SRE) leads to the expression of genes that execute the functional and morphological changes necessary for neuronal plasticity to occur (Atkins and others 1998; Etkin and others 2006; Frank and Greenberg 1994; Josselyn and Nguyen 2005; Lamprecht 2005; Silva and others 1998) . Examples of these changes are modification of receptor trafficking (Keifer and others 2007) , alteration of cytoskeleton protein complexes (Lavaur and others 2008) , and remodeling of dendritic spines (Suzuki and others 2007) .
The prevailing theory to explain activity-dependent plasticity suggests that mechanisms exist to strengthen synapses whose activity coincides with target depolarization beyond some threshold level (Hebb 1949) and to eliminate synapses whose activity is not correlated with postsynaptic activation (Stent 1973) . The biophysical properties of the NMDA receptor suggest that it may function as a correlation detector, which would signal synchronous pre-and postsynaptic depolarization (Bourne and Nicoll 1993) . The ionic channel linked to the NMDA receptor is blocked by Mg ++ at the resting membrane potential (Mayer and others 1984; Nowak and others 1984) . Synchronous activity of several presynaptic terminals may activate AMPA receptors depolarizing the postsynaptic membrane. As a result, the Mg ++ blockade is released, and the NMDA receptor becomes functional (Mayer and others 1984; Nowak and others 1984) . Therefore, NMDA activation can be facilitated or reduced respectively by insertion/removal of AMPA receptors in/from the postsynaptic membrane (Malenka and Bear 2004; Malinow and Malenka 2002) . Activation of NMDA receptors leads to a rise in intracellular Ca ++ levels, which ultimately leads to changes in gene expression through the following cascades.
cAMP Cyclic nucleotide levels are regulated by cyclases and phos phodiesterases. Although activation of the former increases the levels of the cyclic form of the nucleotide, the latter decreases it. Therefore, following NMDA activation, 
calcium influx increases adenyl cyclase activity, which in turn increases cAMP (Fig. 3 , red) levels activating protein kinase A (PKA; Waltereit and Weller 2003) . Active forms of PKA may translocate to the nucleus, where it phosphorylates CREB at Ser133. Thus, CREB binds to CREs, triggering the expression of plasticity-related genes (Curtis and Finkbeiner 1999; Platenik and others 2000) .
CamKII
Activation of CamKII (Fig. 3, green) by calcium can lead to phosphorylation of AMPA receptors, leading to its incorporation on the postsynaptic membrane and further facilitation of NMDA receptor activation (Barria and others 1997) . In addition, Ca ++ influx can lead to CREB phosphorylation through ERK, via the CamKII-MEK cascade (Bito and others 1996; Kornhauser and others 2002) . Activation of ERK can phosphorylate SRF and ELK, promoting the functional binding of these transcription factors to the SRE (Chai and Tarnawski 2002) .
cGMP Ca ++ influx can increase activity of nitric oxide synthase (NOS). The consequent raise in nitric oxide levels enhances guanylyl cyclase activity and the production of cGMP ( Fig. 3, blue; Contestabile 2008) . Thus, cGMP can activate the Ras/Raf pathway (Fig. 3 , green) either directly or through protein kinase G (PKG; Pilz and Broderick 2005) .
Different Ways to Enhance Plasticity Through the NMDA-CREB Cascade
Over the years, studies from several groups have indicated that alcohol exposure can affect many of the steps of the aforementioned cascades. For instance, NMDA receptors are down-regulated for several weeks and into adulthood following early alcohol exposure (Rema and Ebner 1999; Savage and others 1992) . In addition, alcohol can lead to Figure 3 . Activation of the CREB/serum response factor (SRF), a crucial cascade for neuronal plasticity. It has been demonstrated that vinpocetine, aniracetam, and choline have successfully improved neuronal plasticity in models of fetal alcohol spectrum disorder (FASD) by different mechanisms. Vinpocetine, as a phosphodiesterase (PDE) type 1 inhibitor, increases levels of cAMP and cGMP. Aniracetam, as an AMPA receptor modulator, facilitates glutamatergic transmission. Although its specific mechanism is poorly understood, it is known that there is a correlation between choline supplementation and facilitation of NMDA function and an increase in phosphorylation of ERK and CREB. others 1988, 1998) , which would disrupt the expression of genes that are important for neuronal plasticity. In fact, rodents exposed to alcohol during the last week of gestation show less expression of the CREB/SRF-related genes cFOS and JUNb when compared to controls (Nagahara and Handa 1995) . Consistent with these findings, Clements and colleagues (2005) showed that animals exposed to alcohol during the thirdtrimester equivalent of human gestation fail to display an increase in cFOS expression in the hippocampus after Morris water maze testing. Similar findings were recently observed in frontal cortex. colleagues (2010a, 2010b) observed that although the expression of cFOS and ARC after social experience (playing behavior) was increased in the frontal cortex of animals treated with saccharin, the expression of these immediate early genes remained unaltered in animals that were exposed to alcohol throughout gestation. In summary, alcohol can produce a long-lasting alteration in cascades that are essential to neuronal plasticity, which could lead to a constellation of problems in brain function. Accordingly, targeting elements of these cascades may be important for restoration of neuronal plasticity and improvement of brain function. Here we focus on drugs that can improve plasticity by acting through two different mechanisms: (1) modulating glutamate receptors and (2) increasing cAMP/gGMP levels by phosphodiesterase inhibition.
Modulation of Glutamate Receptors
It is well established that glutamate receptors are crucial for the refinements of neuronal connections that take place during brain development and for learning and memory as well (Malenka and Bear 2004; Malinow and Malenka 2002; Platenik and others 2000; White and Fitzpatrick 2007) . Early alcohol exposure can lead to a long-lasting alteration in NMDAr (Hughes and others 1998; Rema and Ebner 1999; Savage and others 1992; Toso and others 2005) and AMPAr (Bellinger and others 2002; Mameli and others 2005) , which could explain some of the plasticity deficits seen in FASD models. The modulation of the AMPA receptor has been extensively used to facilitate glutamatergic transmission and improve plasticity (Malinow and Malenka 2002; Staubli and others 1994) and recently is being considered as a treatment for depression and other mood disorders (Alt and others 2006; Mattew and others 2008) . One the advantages of targeting this receptor is that modulation of AMPAr can facilitate glutamatergic transmission without inducing seizures and excitotoxic damage, which are commonly seen when NMDA agonists are used (Lynch 2006) . There are two strategies that are commonly used to facilitate glutamatergic transmission by acting on the AMPAr: (1) increasing the numbers of AMPArs on the postsynaptic membrane and (2) potentiating AMPAr function.
Incorporation of New AMPAr into the Postsynaptic Membrane
AMPArs are not restricted to the synapse and can be found also on both surfaces and intracellular regions of dendrites. These localizations are not static, and AMPArs can actively move in and out the synaptic membrane (Malinow and Malenka 2002) . This traffic strongly affects neuronal plasticity (Essmann and others 2008; Hu and others 2007; Malinow and Malenka 2002; Serulle and others 2007) . For instance, during LTP and LTD, AMPArs are incorporated and internalized, respectively (Malinow and Malenka 2002) . Accordingly, drugs that stimulate incorporation of AMPA receptors could be potential plasticity enhancers. For instance, norepinephrine can induce delivery of AMPAr to the synapse and facilitate LTP (Hu and others 2007) . Despite its potential, the facilitation of the incorporation of AMPArs on the membrane has been poorly explored as a therapeutic option.
Potentiation of AMPAr
Instead of affecting trafficking to increase AMPAr number on the synapse, most of the glutamatergic drugs tested as plasticity enhancers are positive allosteric modulators of this receptor (Lynch 2002 (Lynch , 2006 . In general, these drugs can slow the channel closure after removal of the agonist (deactivation), which facilitates glutamatergic transmission and increases LTP (Lynch 2002; Rongsheng and others 2005) . Positive allosteric modulators of the AMPA receptors have been tested in several conditions. The use of piracetam in Down syndrome has been extremely controversial (Croom 2001; Holmes 1999; Lobaugh and others 2001; Moran and others 2002) . In contrast, aniceratam, a newer and more potent AMPAr modulator, has shown promising results in Alzheimer disease (Senin and others 1991; Tsolaki and others 2001) and recovery after traumatic brain injury (Baranova and others 2006) . The efficacy of positive allosteric modulators in restoring neuronal plasticity in models of FASD has recently been tested. Piracetam, meclophenoxate, and aniracetam administered after the period of alcohol exposure significantly ameliorated learning deficits in rats that were exposed to alcohol throughout the pregnancy Vaglenova and Petkov 2001) . For instance, alcoholexposed rats that were treated with 50 mg/kg of aniceratam for 10 days (P18-27) showed an increased number of avoidances when compared to controls in the classical active-avoidance test. Importantly, the behavioral effects of aniracetam are well correlated with a restoration of the electrophysiology properties of the AMPA receptor others 2007, 2008) .
Inhibition of Phosphodiesterases
Phosphodiesterases are enzymes that catalyze the hydrolysis of the 3' cyclic phosphate bonds of adenosine and/or guanosine 3', 5' cyclic monophosphate (Beavo 1995) . The rationale of using of phosphodiesterase inhibitors is to increase cAMP/cGMP levels, which would lead to phosphorylation of CREB and other transcription factors such as SRF and ELK-1 (Beavo 1995; Blokland and others 2006; Chai and Tarnawski 2002) . In addition, a rise in cAMP/cGMP levels can also improve AMPA function. Recent findings show that both PKA and cGKII (which are activated by cAMP and cGMP, respectively) can phosphorylate AMPArs, promoting its incorporation into the synapse (Serulle and others 2007) . The use of phosphodiesterases (PDEs) as a therapeutic target has been the subject of many recent reviews (Blokland and others 2006; Ghavami and others 2006; Lynch 2002; Rose and others 2005; Tully and others 2003) . Here we discuss the potential of two types of PDEs for improving plasticity in FASD models.
The PDE1 family is activated by Ca ++ /calmodulin and exists as several isoforms. Among these isoforms, PDE1A and PDE1B account for more than 90% of total brain PDE1 activity. Although PDE1A is highly expressed in the cerebral cortex and hippocampus, PDE1B is expressed mainly in dopaminergic regions such as the striatum and nucleus accumbens (Kakkar and others 1999) . Inhibition of PDE1 leads to an increase in levels of both cAMP and cGMP (Kakkar and others 1999) . The alkaloid vinpocetine (vinpocetine-ethyl apovincaminate) is a nonspecific inhibitor of PDE1 activity (Nicholson 1990) . Vinpocetine treatment has been shown to facilitate LTP (Molnar and others 1994; Molnar and Gaal 1992) , enhance the structural dynamics of dendritical spines (Lendvai and others 2003) , improve memory retrieval (DeNoble 1987), and enhance performance on cognitive tests in humans (Hindmarch and others 1991) .
The potential of vinpocetine in improving plasticity in FASD was recently tested in the visual cortex of the ferret (Medina and others 2006) . In higher mammals (such as ferrets, cats, and primates), the visual cortex presents alternating columns of neurons that are wired preferentially to the right or the left eye. If a unilateral eye lid suture (monocular deprivation) is done during an early period of development, the ocular dominance columns related to the deprived eye shrink, and the columns related to the experienced eye expand Wiesel 1962, 1963; Wiesel and Hubel 1965) . This type of plasticity, known as ocular dominance plasticity, is permanently impaired in ferrets that are exposed to alcohol during the third-trimester equivalent of human gestation (Medina and others 2003; . Remarkably, treating alcohol-exposed ferrets with vinpocetine (20 mg/ kg, intraperitoneally [IP]) during the monocular deprivation period resulted in a strong ocular dominance shift, which was not seen in animals treated with vehicle (Medina and others 2006) . Importantly, the effects of vinpocetine were seen several weeks after the alcohol insult, in a period equivalent to infancy in humans. It would be important to test if inhibition of PDE1 by vinpocetine could restore other plasticity problems such as deficits on learning and memory. In fact, recent findings showed that vinpocetine improves Morris maze performance in rats exposed to alcohol during the third-trimester equivalent of human gestation (Filgueiras and others 2010) . Vinpocetine was given during the behavioral test to facilitate the CREB phosphorylation that is often associated with learning (Finkbeiner and others 1997; Lamprecht 2005; Silva and others 1998) .
Vinpocetine was also shown to restore the effects of early alcohol exposure on the functional organization of the visual cortex. Neurons in the visual cortex have a preference for stimuli that move in a particular orientation Wiesel 1959, 1962; White and Fitzpatrick 2007) . For example, a moving horizontal bar stimulates different groups of neurons than a vertical one. This orientation selectivity is seen in rodents, carnivores, and primates. However, the latter two groups have an additional type of organization: in higher mammals, neurons that share similar orientation tuning cluster together to form orientation selectivity columns (Miller 1994; White and Fitzpatrick 2007) . The neuronal orientation tuning and the orientation selectivity columns are considered important components of the visual perception of corners and borders (Livingstone and Hubel 1998; Pasupathy 2006; White and Fitzpatrick 2007) , which seems to be affected by early alcohol exposure (Mattson and others 1996; Uecker and Nadel 1996) . The impact of third-trimester alcohol exposure on orientation selectivity was investigated in the ferret (Medina and others 2005) . It was demonstrated that alcohol exposure during this period dramatically affects orientation tuning of individual neurons as well as the organization of the orientation selectivity columns. These findings may be explained by the deleterious effects of alcohol on the activity-dependent plasticity processes required for the establishment of orientation selectivity (Medina and Krahe 2008; Medina and others 2005) . In fact, when alcohol-treated animals are treated with vinpocetine (to enhance neuronal plasticity), orientation tuning at the neuronal level and the organization of orientation selectivity columns are restored (Krahe and others 2009) .
In addition to vinpocetine, caffeine is also a PDE1 inhibitor (Kakkar and others 1999) that could have a role in FASD treatment. A recent clinical study showed that perinatal caffeine, which was used to improve the respiratory function, was able to improve survival rate and ameliorate cognitive deficits resulting from prematurity (Schmidt and others 2007; Stevenson 2007) . Remarkably, the effects of caffeine on the respiratory function were able to explain only half of the effect of caffeine treatment (Schmidt and others 2007; Stevenson 2007) . Because caffeine is also a classical PDE1 inhibitor, it would be interesting to investigate whether the beneficial effects of caffeine could also be related to modulation of cAMP/ cGMP levels and activation of CREB.
The PDE4 isoenzymes are cAMP specific and highly expressed in the cerebral cortex and hippocampus (Ghavami and others 2006; Rose and others 2005) . The importance of PDE4 for learning and memory has been demonstrated in genetic and pharmacologic studies. Mice lacking the subunit PDE4d show better performance in the Morris water maze and in the radial arm maze (Rose and others 2005) . PDE4 inhibition by rolipram ((±)-4-(3-cyclopentyloxy-4methoxyphenyl)-2-pyrrolidone) has been shown to lower the threshold for inducing hippocampal LTP (Otmakhov and others 2004) , restore its duration in aged mice (Barad and others 1998) , and restore LTP in a transgenic model of Alzheimer disease (Gong and others 2004) . Recently, rolipram was shown to be able to improve object recognition in aged rats (de Lima and others 2008). Despite its potential as a plasticity enhancer, rolipram failed to restore ocular dominance plasticity in the ferret model of FASD (Krahe and others 2010) . Although the clinical application of rolipram is complicated by side effects (i.e., emesis), there is an ongoing effort to develop safer PDE4 inhibitors (Dyke and Montana 1999) .
Choline Supplementation
Early deprivation of some essential nutrients such as choline can result in long-lasting cognitive problems (Zeisel 2006) . Conversely, pre-or perinatal choline supplementation can improve spatial learning and facilitate LTP in animal models (Li and others 2004; Tees and Mohammadi 1999) . This effect may be explained by an enhancement of NMDA receptor-mediated population excitatory postsynaptic potentials (pEPSPs) in the hippocampus, which would lower the threshold for LTP (Montoya and Swartzwelder 2000) . Moreover, it has been recently demonstrated that choline supplementation is correlated with an increase in ERK (MAPK) and CREB phosphorylation (Mellott and others 2004) . However, the specific molecular mechanisms for the effects of choline supplementation in improvement of neuronal plasticity remain poorly understood.
The use of choline supplementation has been very successful in improving plasticity in FASD animal models. In addition to acting as a plasticity enhancer, another rationale for the use of choline supplementation is to counteract the deleterious effects of alcohol on the cholinergic system (Kelly and others 1989; Schambra and others 1990) . In a series of studies, colleagues (2004, 2007) showed that neonatal or postnatal choline supplementation restores water maze performance and reduces hyperactivity of rats exposed to alcohol during gestation (equivalent to first and second trimesters of human gestation) or during the first weeks of life (equivalent to the third trimester). In addition to its positive effects on learning, it was recently demonstrated that choline supplementation can also mitigate the abnormalities in the development of reflexes and motor coordination seen after early alcohol exposure (Thomas and others 2009 ).
Further Directions
In addition of drugs that act on the cascade cited in this review (Fig. 3) , pharmacological agents that act by different mechanisms may also have potential as plasticity enhancers. In fact, recently, Daniel Savage group showed that a histamine H 3 receptor antagonist (ABT-239) was able to improve LTP and learning in a model of FASD (Varaschin et al., 2010; Savage et al., 2010) . Although plasticity enhancement by different types of drugs has great potential in restoring brain function in FASD, some challenges should be considered. First, drugs that have poor selectivity may have more the potential to exhibit side effects. Therefore, the dissection of the mechanisms of how a particular drug affects plasticity has an enormous importance. Second, neuronal plasticity is a very complex process that involves making and breaking connections, which in turn are related to LTP and LTD type of phenomena. Because LTP and LTD rely on mechanisms that could be opposites (i.e., increase or decrease of AMPAr in the synaptic membrane; Malinow and Malenka 2002) , improvement of the former may affect the latter and vice versa. To overcome these challenges, it is necessary to have a better understanding of the molecular mechanisms of FASD and the development of more selective drugs. This effort, which is currently being carried out by the scientific community, could lead to successful neuronal plasticity restoration in FASD and a significant improvement of brain function in this condition.
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